Abstract-Silver nanowires (SNWs) have shown much promise as a lower cost flexible transparent electrode alternative to indium tin oxide. However, the stability of SNW electrodes has been brought into question. In this work, we studied the failure of SNW electrodes for different synthesis conditions and nanowire diameters with and without ultraviolet (UV)-ozone treatment. Transparent electrodes fabricated from nanowires synthesized at lower temperatures were found to have a lifetime of 53 days: the longest reported lifetime to the best of our knowledge for electrodes fabricated with nanowires less than 100 nm in diameter. In trials for transparent electrodes fabricated with SNW with average diameters of 80 nm, UV-ozone-treated films reached ultimate failure two days later than nontreated electrodes. This was attributed to the formation of silver oxide on the nanowires, which served as a protective layer and slowed the degradation process. Scanning electron microscope (SEM) images showed SNW electrodes made with an average nanowire diameter of 80 nm failed due to broken connections at the nanowire junctions. On the other hand, SNW electrodes made with an average diameter of 233 nm failed along the nanowires themselves, which suggests a different failure mechanism. The UV-ozone-treated larger diameter nanowire electrodes failed after 127 days, and the failure date of the nontreated SNW electrode remained undetermined after 153 days of continuous operation.
I. INTRODUCTION

S
OLAR energy is found nearly everywhere on earth. Organic photovoltaics (OPV) have the potential to cost effectively harvest solar energy and meet global energy demands [1] . Due to their light weight and flexibility, they can be integrated into cell phones or windows, or provide portable power. Indium tin oxide (ITO) is the dominant transparent electrode used for OPV devices and accounts for 37-50% of material cost for polymer solar cells [2] . Moreover, its brittle nature dampens the prospect of being used in a flexible solar cell device [3] , [4] . A cheaper flexible alternative is needed to replace ITO. Conductive polymers [5] - [7] , graphene [8] - [10] , carbon nanotubes [11] - [13] , and silver nanowires (SNWs) [3] , [14] - [16] have emerged as potential replacements for ITO. Recently, PEDOT:PSS and carbon nanotubes have been demonstrated to exhibit sheet resistance below 50 Ω/ and transmittance greater than 80% [7] , [13] , [17] . However, these methods require strong acid to enhance the conductivity, making mass production more complex due to highly corrosive and dangerous materials. Solution-processed graphene has not demonstrated sheet resistance or transmittance comparable to ITO; on the other hand, solution-processed SNW electrodes have shown promise in these areas. Moreover, SNW electrodes have been shown to scatter light, which aids in solar cell light absorption [3] .
The stability of SNW electrodes was questioned by Khaligh and Goldthorpe, who determined that electrodes with a sheet resistance of 12 Ω/ failed after 18 days of having 17 mA/cm 2 passed across the electrode [18] . The failure mechanism of the electrodes was unclear and may have been due to Rayleigh instability, corrosion, or some other phenomena. The authors postulated Joule heating to be the most likely cause. Lee et al. showed that annealing temperatures greater than 200°C cause the nanowires to coalesce into droplets and reduce sheet resistance [19] . This effect has been damped by encapsulating the nanowires in ZnO and TiO 2 [14] , [20] .
In this work, we studied the failure of SNW electrodes by varying the temperature during the SNW synthesis and incorporating a UV-ozone treatment to improve the stability of the electrode. To the best of our knowledge, we have pioneered studying the failure of SNW electrodes made with a larger average nanowire diameter of 233 nm.
II. EXPERIMENTAL PROCEDURE
SNWs were synthesized via the polyol method. 0.3 g of polyvinylpyrrolidone (PVP) was dissolved in 24 ml of ethylene glycol and heated to 150 or 160°C, which was maintained throughout the reaction. Then, 40 μl of 25-mM CuCl 2 in ethylene glycol was added to the PVP solution and allowed to stir for 1 min. The mixture was stirred at 260 r/min, while AgNO 3 dissolved in ethylene glycol (0.5 g in 6.0 ml) was ultrasonicated for 5 min, and then added drop by drop at a rate of ∼11 μl/s to the mixture. After the AgNO 3 solution was added, the reaction was sealed until shimmering swirls appeared (10 min for 160°C and 15 min for 150°C), indicating the SNW had formed. The reaction was then stopped by cooling it in a cold 2156-3381 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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water bath. For nanowires with thicker diameters, the reaction held at 160°C was allowed to continue for 5 min more. The SNWs were cleaned by diluting in a 3:1 acetone:SNW solution then centrifuging for 20 min at 2000 r/min. The supernatent of the acetone:SNW solution was removed and the SNWs were redispersed in DI water and then centrifuged again. The process of removing the supernatant, redispersing in DI water, and centrifuging was repeated two more times. The SNWs were ultimately dispersed in isopropyl alcohol (IPA) for spray coating. Glass substrates (1.5 cm × 1.5 cm) were cleaned sequentially via ultrasonication in soapy water, DI water, acetone, and IPA for 20 min each. Substrates were dried with pressurized N 2 gas and plasma cleaned for 20 min. Then, 0.5 ml of SNW solution (∼1.5 mg/ml in IPA) was deposited with a simple gravity feed spray coater under 25 lbf/in 2 of N 2 gas onto the glass substrates. The spray coater was held approximately 10 to 20 cm from the substrates, and the glass substrates were heated to 140°C during the spraying. Samples were annealed at temperatures ranging from 140 to 300°C for 30 min to achieve sheet resistance of less than 50 Ω/ . Silver was thermally evaporated (100 nm) on the edge of the SNW electrodes to serve as contacts. UV-ozone treatment was performed in air for 1 min on selected SNW electrodes to form a silver oxide layer around the nanowires. Then, a current density of 20 mA/cm 2 was passed through the SNW electrode using a Keithley 2600B SourceMeter controlled through a desktop computer via LabView. Typically, polymer solar cells exhibit a short-circuit density of less than 20 mA/cm 2 . Only in recent years, perovskite solar cells have achieved short-circuit current densities greater than 20 mA/cm 2 , but 20 mA/cm 2 may serve as a general operating condition experienced by a SNW electrode incorporated into a thin-film solar cell. n-type silicon substrates were prepared by sequentially soaking in near boiling soapy water, DI water, and piranha (H 2 SO 4 :H 2 O 2 30% wt. concentration 1:1) for 5 min each. The silicon substrates were then rinsed with DI water and dried with N 2 gas. A 200-nm-thick gold layer was sputtered on the silicon substrates to hinder the energy-dispersive X-ray spectroscopy (EDS) from detecting oxygen present on the silicon surface. SNWs were then spray coated just as previously mentioned. UV-ozone treatment was performed on SNW films for 1 min.
III. CHARACTERIZATION
Scanning electron microscope (SEM) images and EDS analysis were performed using Hitachi S-3400N system. EDS was performed before and after UV-ozone treatment for SNWs on gold-coated silicon to detect any changes in oxygen concentration. UV-vis measurements were performed with an Agilent 8453 spectrophotometer with air used as a reference. Sheet resistance was measured using Guardian surface resistivity meter (model no. SRM-232-100). The voltage between the silver contacts was measured hourly by a desktop computer interfaced with Keithley 2600B SourceMeter and written to an Excel spreadsheet. We defined the ultimate failure of the SNW electrodes after the voltage reached 10 V.
IV. RESULTS AND DISCUSSION
The effects of UV-ozone treatment on SNW electrodes sheet resistance are shown in Table I . With increasing UV light expo- sure, the sheet resistance of the electrodes increases. This result is attributed to ozone forming a silver oxide layer around the nanowires during the UV-ozone treatment. Silver oxide is nonconductive and would be expected to reduce the sheet resistance of the nanowire films. In addition, EDS spectrum (not shown) did not detect oxygen on SNW films sprayed on gold-coated silicon substrates. After these electrodes were subject to UVozone treatment, the EDS spectrum showed that oxygen was present. Because it is very difficult to oxide gold, we presume this shows that the SNWs had formed a thin oxide layer. The SNWs synthesized at 150°C resulted in average diameters of 72 nm and average lengths of 16 μm. The SNWs synthesized at 160°C had very comparable average diameters of 88 nm and average lengths of 16 μm. The average dimensions of both nanowire batches were similar enough to not be considered a significant variable in the outcome of the electrode lifetime. The average diameters for both batches from here onward will be referred to collectively as 80 nm. The transmittance for these electrodes ranged from 76% to 81% transparent at 550-nm wavelength. The transmittance measurement did not incorporate an integrating sphere to account for any diffused light potentially transmitted [3] . The voltage profile of the SNW electrodes under 20 mA/cm 2 is shown in Fig. 1 . The sheet resistance for the electrodes used in each trial is shown in Table II . The SNWs synthesized at 150°C exhibited much longer life than those synthesized at 160°C. This was unexpected as the sheet resistance for the electrodes fabricated at 150°C was higher than that of the 160°C batch, which directly contradicts trends from previous reports [18] . In addition, the annealing temperature of the SNWs synthesized at 160°C was raised to 200°C in order to achieve sheet resistances below 50 Ω/ . Annealing temperatures below 200°C resulted high sheet resistances, unlike the nanowires synthesized at 150°C. These observed differences between the two batches indicate that the synthesis temperature had some effect on the nanowires produced. We observed that polyol reactions at lower temperatures take longer for the SNWs to form. The SNW reaction held at 150°C took 5 min longer to complete than the reaction held at 160°C. The time difference in the SNW reactions could have resulted in the number of structural defects on the molecular level for the two SNW batches that influenced the stability of the electrodes and annealing temperatures. However, the ultimate mechanism for this large difference remains unclear, and further analysis using high-resolution transmission electron microscope and the microdefraction pattern analysis would be needed to verify this claim. The UV-ozone-treated electrode fabricated using nanowires with average diameters of 80 nm lasted for two days longer in both cases for nanowires synthesized at 150 and 160°C. This suggests that the UV-ozone treatment provides minimal protection from failure. Elechiguerra et al. suggested that the nanowires corrode in atmospheric conditions primarily due to sulfur compounds present in the air and that SNWs coated with thicker PVP layers may better resist corrosion [21] . A silver oxide layer formed from UV-ozone may potentially provide some minimal protection against the sulfidation of SNWs. More chemical analysis is needed to verify the true nature of the UV-ozone treatment and its role in increasing the life of SNW electrodes.
SNW electrodes fabricated from nanowires with average diameters of 233 nm showed much longer lifetime compared with the nanowires of only 80 nm in diameter. This result was as expected as thicker nanowires may take longer to corrode and can handle higher current density. These nanowire electrodes only achieved sheet resistances below 50 Ω/ after being annealed at 300°C, which shows that they have a higher tolerance for heat to meld the nanowire junctions together [22] , [23] . Curiously, the SNW electrode treated with UV-ozone failed much sooner than the nontreated electrode. The failure date for the nontreated electrode has not yet been determined after 153 days of testing, whereas the UV-ozone-treated electrode failed after 127 days. The reason for this result is unclear, but may be attributed to a different mechanism than what has been proposed for nanowires of smaller average diameters. Fig. 2(a) and (c) shows an overarching view of the electrode after failure under the SEM. Most of the nanowires are intact and no broken connections are observed. This outcome suggests that the ultimate failure of the electrode is due to a few weak points. Fig. 2(b) and (d) shows such points, which were difficult to find with the SEM. Fig. 2(b) shows SNWs with small nanoparticles flecking the failed wires. Fail points appear to be prominent at SNW junctions. This result may indicate that joule heating plays a role in accelerating the corrosion process. When the conductive noncorroded portions of the nanowires sufficiently decrease in size, the nanowire melts. This process would become exacerbated at the nanowire junctions, where the contact resistance from wire to wire is higher than the resistance along the nanowires [24] . Fig. 2(d) shows that the SNWs with larger diameters tended to fracture along the nanowires themselves. This outcome may indicate that defects within the nanowire structure played a more significant role in the failure of these electrodes, and heating at the junctions under electrical stress did not seem to play a role in their fracture. The SNWs appear to have failed similarly to a fuse. The fracture points were much smaller for SNWs with larger diameters, as compared with those with smaller diameters. Further investigation is needed to verify these ideas and to explore in further detail the effects of structural defects in the lifetime of SNW electrodes. Fig. 3(a) -(d) shows SNW electrodes made from nanowires with average diameters of 233 nm. Fig. 3(a) shows a freshly sprayed SNW electrode. After several months of air exposure, the electrode turns a dark gray color [see Fig. 3(b) ]. The color change would indicate that the electrode is corroding. After being subject to electrical stress for seven months, the electrode exhibits a yellowish color, which fades to red and blue around the edges [see Fig. 3(d) ]. With time, this yellow fades to gray with blue and red hues [see Fig. 3(c) ]. These color changes are more observable with thicker nanowire diameters compared with electrodes fabricated from nanowires with average diameters of 80 nm [see Fig. 3 (e) and (f)]. These findings have design implications, as air exposure could impact the transmittance of these electrodes. These color changes are clear indications of chemical changes occurring within the electrodes. Further investigation is required to pinpoint the exact nature and implications of these color changes. Fig. 4 shows an EDS spectrum of an SNW electrode after having 20 mA/cm 2 passed through it for five months. Silicon and oxygen could be due to the glass substrate on which the SNWs were coated. Sulfur was detected as one of the elements present on the SNW electrode. The ratio of weight percentage for silver to sulfur is much different than previous reports [18] . However, the detection of sulfur further supports the notion found in previous reports that sulfuric compounds in air do play a role in corroding SNW electrodes.
V. CONCLUSION
In summary, SNWs with various synthesis conditions and their impact on transparent electrode lifetime with and without UV-ozone treatment were investigated. Non-UV-treated transparent electrodes made from SNWs fabricated at 150 and 160°C reached ultimate failure after 32 and 54 days, respectively. The UV-treated electrodes for both 150 and 160°C cases took two more days to reach ultimate failure than untreated samples. This outcome was attributed to the formation of silver oxide serving as a protective layer against further corrosion via interaction with sulfuric compounds in the air. The notion that a silver oxide layer formed on the SNWs from the UV treatment was supported by EDS analysis. The EDS spectrum of an SNW electrode subject to five months of 20 mA/cm 2 passed through the electrode showed the presence of sulfur, which was consistent with previous reports [18] , [21] . These SNW electrodes tended to fracture at nanowire junctions, which were attributed to Joule heating. SNW electrodes made with nanowires of average diameters of 233 nm lasted much longer than those with average diameters of 80 nm. The UV-treated SNW electrode made with thicker nanowires failed after 127 days of electrical stress, while the untreated electrode failure date remained undetermined after 153 days of continuous operation. The failure of the larger nanowires occurred along the midsection of the nanowires, which indicated that Joule heating at the nanowire junctions was not the failure mechanism. Instead, it was attributed to structural defects in the nanowires. However, further investigation is needed to support this idea.
